Abstract. Phortress is a novel benzothiazole compound with activity concentrated in certain breast, ovarian and renal cancer cell lines. Its anti-angiogenic effects are unknown. In this study, the in vitro anti-angiogenic effects of Phortress were screened for and results compared with two control drugs, paclitaxel and fumagillin. In vitro anti-angiogenic activity was examined by MTS assays, growth curves and clonogenic survival assays on human umbilical vein endothelial cells (HUVEC). In addition and as a comparator, effects were examined on MRCV fibroblasts and also the MCF7 breast cancer cell line, shown to be sensitive on the NCI60 panel and 3 colorectal cancer cell lines (HT29, SW480 and SW620) that were reportedly insensitive. Effects on endothelial tube differentiation were assessed by the Matrigel assay. Phortress had no effect on HUVEC and MRCV cell proliferation and survival. Unlike paclitaxel and fumagillin, Phortress did not inhibit endothelial tube differentiation. Phortress therefore exhibits no in vitro anti-angiogenic activity. As expected, Phortress was cytotoxic to MCF7 breast cancer cells, but unexpectedly, Phortress was also potent against colorectal cancer cells in clonogenic survival and cell growth (growth curves but not MTS assay) end-points. The efficacy of Phortress against colorectal cancer cells in the current study confirms that the spectrum of activity of Phortress may be wider than previously thought.
Introduction
Phortress (Fig. 1 ) is a novel anti-tumour agent belonging to the benzothiazole family, the evolution of which has been extensively reviewed by Bradshaw and Westwell (1) . On the NCI60 panel (Fig. 2) , the GI 50 (50% growth inhibitory concentration) data indicate that MCF7 and T47D breast, TK-10 renal, IGROV-1 and OVCAR-5 ovarian and NCI-H226
and NCI-460 non-small cell lung cancer cells are sensitive to Phortress in vitro. Colorectal cell lines appear to be relatively insensitive with only 1 (HCC2998) of the six colorectal cell lines being moderately sensitive (1) .
The mechanism of action of Phortress is thought to involve the aryl hydrocarbon receptor (AhR) (2) . The drug is converted to the active form 5F 203 in plasma, and undergoes nuclear translocation after AhR binding (3) . Nuclear translocation leads to cytochrome p450 CYP1A1 induction (4), generation of a reactive intermediate (probably a nitrenium species) and formation of DNA adducts in sensitive cells (5, 6) leading to cell death. NCI results indicate that there is a significant correlation between drug sensitivity and induced CYP1A1. This is confirmed by cDNA microarrays for MCF7 cells treated with DF 203 (1 μM, 24 h), which showed 10-fold up-regulation of both CYP1A1 and CYP1B1 (1) . For in vivo studies, MCF7 (Phortress-sensitive) and MDA-MB-435 (Phortress-insensitive) tumours were implanted into opposite flanks of the same mouse. Significant anti-tumour activity was observed only for the MCF7 xenografts (5) . Phortress is now in phase I clinical trials in the UK. No information is currently available whether the drug exerts any tumour growth inhibitory effects via anti-angiogenic mode of action in addition to the wellcharacterised anti-tumour cell cytotoxicity.
The present study aimed at evaluating the in vitro antiangiogenic activity of Phortress. Activity of the drug against breast (sensitive on the NCI60 panel) and colorectal cells (insensitive on the NCI60 panel) were chosen as comparators in assays. Preliminary results surprisingly indicated that dependent upon the assay used in evaluation, colorectal cells were sensitive to Phortress and hence the study focussed on an in depth characterisation of such effects. (8) . All experiments with HUVEC were performed on tissue culture plates/petri dishes etc. that had been pre-coated with 0.2% gelatin.
Materials and methods

Drugs
Cell culture. Two 'normal' cell types, HUVEC, and MRCV lung fibroblasts (ECACC) were used. The colorectal cancer cell lines HT29, SW480, SW620 and the breast cancer cell line MCF7 (American Type Culture Collection) were chosen for this study. Media formulations, as described previously by Mukherjee et al (8) , were used for cell culture. HT29 cells were used between passage 140-150, SW480 between 110-120, SW620 between 100-110, MCF7 between passage 20 and 30, HUVEC between passage 2 and 6, and MRCV between 22-26.
Cell proliferation assays MTS assay. Assays were performed as optimised and described previously by Mukherjee et al (8) . Twenty-four hours following seeding cells in 96-well plates, 20 μl of 10x drug concentration was added to a triplicate of wells to achieve the drug concentration in a final volume of 200 μl. Medium only or vehicle only (20 μl) (DMSO) were added to controls. After 72 h of incubation, 40 μl of MTS-PES reagent (Promega, Southampton, UK) were added to each well and incubated for a further 3 h for colour development. The incubation time was prolonged to 96 h for SW620 and 120 h for SW480 to ensure at least one doubling of absorbance. The time for development of formazan was also increased for these cell lines to 4 h instead of 3 h. The absorbance was read from the plates at 492 nm on a plate reader. Absorbance levels from drug treated cells and untreated controls were corrected against medium only blank controls. The mean absorbance of drug treated wells was expressed as a percentage of non-treated controls to calculate the percentage proliferation status (9,10). Growth assays. The proliferation status of cells was also assessed by simple counting of cell number after treatment with drugs (11) . Cells (10 5 ) of each cell line were plated out on 6-well tissue culture plates (Corning, High Wycombe, UK) in a volume of 3 ml of medium. The cells were allowed to attach overnight, and then exposed to drugs for 24, 48 or 72 h. A pair of wells were washed with PBS, trypsinised and counted before drug treatment to give the number of cells before the addition of drug. This was taken as the 0 h timepoint. Further duplicate readings were conducted at 24, 48 and 72 h after the addition of drug and experiments repeated at least twice.
Cell survival assays.
To measure reproductive integrity post drug-treatment, assays were performed according to the protocol of Liebmann et al (12) with some modifications. Petri dishes (100 mm) (Corning, High Wycombe, UK) were plated with 5x10 5 cells in 10 ml of media or 60 mm petri dishes were plated with 1.8x10 5 cells in 3.5 ml of media. The cells were allowed to attach for 24 h. Media was aspirated off and the exponentially growing cells were then exposed to drug for 72 h, following which they were trypsinised and plated out for colony formation. Incubation time was 4 weeks for all tumour cell lines except SW620 (3 weeks), 2 weeks for fibroblasts and 10 days for HUVEC. Finally, colonies were fixed with methanol (Fisher Scientific, Loughborough, UK) and stained with 1% crystal violet (Sigma) vide a protocol modified from Freshney (13) . Colonies were counted by eye and confirmation by microscopy carried out as necessary. Any cluster of cells greater than 50 in number was counted as a colony. All survival points were in triplicate and experiments repeated at least twice.
Tube formation studies on Matrigel. The method was adapted from Dicker et al (14) . 0.2% gelatinized 100 mm petri dishes were plated with 5x10 5 HUVEC cells in 6 ml of medium. The cells were allowed to attach for 24 h. The medium was aspirated off and exponentially growing cells were then exposed to 6 ml of the IC 50 dose of control drugs paclitaxel, fumagillin or Phortress for 72 h. For each drug treated condition, or control, 50,000 cells, in 200 μl of medium, were then added to wells of a 24 well plate pre-coated with Matrigel at room temperature for 1 h. Cells were then incubated at 37˚C and 5% CO 2 for 48 h. Photographs were taken for assessment of tube formation on Matrigel at 24 h post-plating.
Statistical analysis. The Student's t-test was used to calculate probability values and p<0.05 was considered to be statistically significant (indicated by asterisk on graphs).
Results
MTS assay.
MTS assays show that the control drug paclitaxel decreases the proliferation of endothelial (Fig. 3A) as well as breast and colorectal cell lines (Fig. 4A) . Fumagillin, on the other hand, only decreases the proliferation of endothelial cells, at both low and high doses (Fig. 3A) . Effects on tumour cell proliferation, in contrast, are evident only at a very high dose of 10 μM, and only for SW480 and SW620 (Fig. 4B) . There was no effect of Phortress on endothelial cell proliferation in the MTS assay (Fig. 3A) . Phortress decreased the proliferation of MCF7 breast cancer cells but colorectal cancer cell lines were relatively resistant (Fig. 4C ). Of them, only SW480 has an IC 50 of ~5 μM. These results match the GI 50 data of the NCI60 panel, which demonstrate that breast, but not colorectal cancer cell lines, are sensitive to Phortress. The IC 50 value quoted in the literature for Phortress and MCF7 is 0.039 μM (3). The current results (IC 50 ~0.05 μM) are comparable to such values.
Growth assay. As expected, paclitaxel decreased the proliferation of endothelial (Fig. 3B) as well as breast and colorectal cells in growth assays (Fig. 5A) . Fumagillin was most potent against endothelial cells with an IC 50 of ~0.5 nM (Fig. 3B) . Though relatively ineffective for colorectal cells in MTS assays, 1 μM fumagillin caused a significant decrease in cell number (~65% for HT29, 50% for SW620 and 70% for SW480) (Fig. 5B) . In contrast to MTS assays, growth assays for Phortress also revealed inhibition of colorectal cell proliferation after 72-h incubation (Fig. 5C ). Temporal curves for colorectal cell lines show that the maximal effect is at the 72-h time-point, with little effect at 24 and 48 h (Fig. 6) . Phortress may thus require longer incubation periods against colorectal cancer cell lines. MCF7 cells were most sensitive to Phortress (Fig. 5C ) but HUVEC were resistant (Fig. 3B) . The discrepancy between MTS and growth curve results was also observed for both Phortress and fumagillin.
Clonogenic survival assays. Paclitaxel was cytotoxic for both endothelial (Fig. 3C ) and tumour cells (Fig. 7A) as demonstrated by the decrease in cell survival. In addition to HUVEC (Fig. 3C) , fumagillin was also cytotoxic to colorectal cells such as HT29 (Fig. 7B) . Clonogenic survival assays with Phortress demonstrate that the effect of the drug on both colorectal and breast cancer cell lines is cytotoxic (Fig. 7C) . In terms of sensitivity, MCF7 and HT29 were the most sensitive (IC 50~0 .01 μM) followed by SW620 (IC 50~0 .1 μM) and SW480 (IC50 ~0.5 μM). HUVEC were resistant to the drug even at a high dose of 1 μM (Fig. 3C ). Only at a very toxic dose of 10 μM, there was decrease in clonogenic survival of HUVEC; but they were still resistant in comparison to other cells (Figs. 3C and 7C ). Sensitivity of MRCV fibroblasts. To further investigate for differential sensitivity to normal cells, the effects of the drugs (at cytotoxic doses: 0.1 μM paclitaxel, 0.01 μM fumagillin and 0.1 μM Phortress) were examined by MTS, growth assays and clonogenic survival assays on MRCV fibroblasts (Fig. 8 ). Fibroblasts were resistant to both paclitaxel and Phortress in terms of proliferation ( Fig. 8A and B) as well as clonogenic survival (Fig. 8C) . Phortress thus appears to be highly tumour specific in that both fibroblasts and endothelial cells are resistant. In contrast, fumagillin decreased both proliferation (B) and clonogenic survival (C) of MRCV fibroblasts. As observed for some tumour cells, MTS (A) and growth assays (B) yielded opposing results for fumagillintreated fibroblasts.
Effects on endothelial tube differentiation. Angiogenesis is a stepwise process where endothelial cells must differentiate into tubes to form new vessels. The formation of tube-like vessels on Matrigel can therefore be used to assess compounds that either stimulate or inhibit angiogenesis (15) . Phortress did not inhibit endothelial differentiation at a dose of 10 μM at either 24 or 48-h post-plating (data not shown). In contrast control drugs, paclitaxel and fumagillin, inhibited endothelial differentiation at the IC 50 dose, as evident from tubal abortion at both 24 and 48-h post-plating (data not shown).
Discussion
This project set out to screen for in vitro anti-angiogenic activity of the novel drug Phortress. The in vitro anti-angiogenic screen included MTS, growth, clonogenic survival and Matrigel assays, comparable to the NCI screen that includes HUVEC growth inhibition (crystal violet assay, 72-h drug exposure), Matrigel assay and migration assays in a Boyden chamber. The choice of control drugs for the study, fumagillin and paclitaxel, parallels that of the NCI who utilises TNP-470, a fumagillin analogue, and paclitaxel as control drugs in the anti-angiogenic screen. Since the NCI60 panel screen indicates that breast and colorectal cancer cells were relatively sensitive and insensitive respectively to Phortress, they were chosen as comparators in the current screen. Our anti-tumour cell screen included both MTS assays and growth curves for proliferation, and clonogenic survival assays for reproductive integrity.
Primary and metastatic breast cancer and drug-refractory ovarian cancer are sensitive to paclitaxel. It acts by inhibiting microtubule depolymerisation thereby blocking cells in the G 2 /M phase of the cell cycle. The effect of paclitaxel on colorectal cancer is less documented, as it is not clinically effective for this tumour. However, as with the current study, in vitro efficacy in colorectal cancer has been reported in studies by Banerjee et al (16) and Valenti et al (17) . Paclitaxel also inhibited endothelial cell proliferation (IC 50~0 .05 μM), similar to that documented in the studies of Belotti et al (18) and Iwahana et al (19) . Clonogenic survival assays demonstrated the anti-endothelial effect to be cytotoxic (at 0.1-10 μM). Paclitaxel also aborted tube differentiation on Matrigel and, as expected, inhibits the angiogenic cascade. MRCV fibroblasts were relatively resistant to 0.1 μM paclitaxel.
The second control drug fumagillin is recognised as an antiangiogenic agent (20) . Its IC 50 for endothelial cell proliferation was ~0.5 nM from growth curve experiments. In the MTS assay, the IC 50 was on a plateau range between 0.01 and 10 μM. Fumagillin blocks the cell cycle in G 1 , and a plateau response is quite characteristic of a cell cycle phase specific agent (21) . There was no effect on MCF7 cell proliferation. The IC 50 for colorectal cell lines (~0.5 μM) was higher than that for HUVEC (0.005 μM). Anomalies between MTS assay and growth curve results were observed for colorectal cancer cell lines, with the former failing to show significant response even at very high doses. The reasons for such differences could not be fully explained. From clonogenic survival assays, fumagillin was cytotoxic to HUVEC at concentrations ranging from 0.001 μM to 10 μM. HT29 cells showed decreased clonogenic survival with fumagillin at high doses. Thus the effect of fumagillin on colon cancer cell lines such as HT29 may be cytotoxic. Although thought of as a 'pure' anti-angiogenic All data points were in triplicate (apart from growth assay) and experiments repeated at least twice; error bars represent standard deviation. agent, similar cytotoxic effects on human glioblastoma cells have been reported for the fumagillin analogue TNP-470 (22) . Investigating normal cell sensitivity, MRCV fibroblast cell numbers and clonogenic survival were grossly decreased with fumagillin treatment.
On the NCI60 panel, of the six colon cancer cell lines, only HCC 2998 was weakly sensitive to Phortress. Two of the lines used in the current study (HT29 and SW620) were reportedly resistant. The current study showed that Phortress was highly potent against MCF7 breast cancer cell lines with an IC 50 in the nanomolar range, corroborating results of Bradshaw et al (3) . MTS assays showed little effect of Phortress on the colorectal cancer cell lines. This agrees with the results of the NCI panel. However, subsequent growth assays revealed that Phortress may also decrease the proliferation of colorectal cell lines. This issue of discrepancy between MTS assay and growth assays (also observed with fumagillin) cannot be fully explained. It may be related to the levels of dehydrogenase enzymes in the cell lines, and their possible interactions with the drugs. The NCI anti-tumour cell screen is assessed at the 48-h time-point, whereas Phortress showed greatest effects in growth assays at the 72-h timepoint. Thus novel drugs screened against the NCI panel should be further tested at multiple time-points. The growth assay results were in concordance with those of clonogenic survival experiments, confirming cytotoxic effects against colorectal cells. This suggests that the range of activity of Phortress may extend beyond cell lines predicted by the NCI60 panel. Neither growth assays nor clonogenic survival assays on their own are sufficient to characterise a compound. The short incubation period of growth assays is criticised as not predicting clinical response and do not measure cell kill. On the other hand, clonogenic assays measure reproductive integrity and hence cytotoxicity. Yet, growth inhibition assays have their advantages. Therapeutic damage induced in isogenic sets of cells differing by a gene may lead to rapid apoptosis in one cell population but not in others, reflecting differential sensitivity. Clonogenic survival, however, may be equally inhibited (23) . Colorimetric assays such as the MTS and SRB, have advantages of low intra-test variation between data points (9,10) but are only indirect measures of cell proliferation. Counting of cell numbers, though laborious, may be more beneficial as a primary screen, as evident from current results with both Phortress and fumagillin. This method, like colorimetric assays, however fails to distinguish between cytostatic and cytotoxic effects. Though the NCI attempts to delineate such effects, by calculating GI 50 (dose causing 50% growth inhibition), TGI (dose causing total growth inhibition) and LC 50 (dose causing 50% lethality) values for drugs tested, these may be considered as preliminary indicators only. In fact for Phortress, the GI 50 and LC 50 data are very discrepant. Colorectal cell lines are relatively resistant to Phortress as compared to breast cancer cell lines on the NCI GI 50 graph (Fig. 2) . However, the LC 50 data (Dr T.D. Bradshaw, University of Nottingham, unpublished data) indicates that some colorectal cells such as KM112 and SW620 may be sensitive while HT29, resistant. Breast cancer cells such as MCF7, against which Phortress is active even in in vivo models, are surprisingly relatively resistant on the LC 50 panel. Clonogenic assay results in the current report show that Phortress is cytotoxic for MCF7, HT29, SW620 and SW480 cells. This justifies considering different endpoints such as inhibition of growth and clonogenic survival when assessing drug effects.
The cytochrome CYP1A1 system has been thought to be involved in Phortress bioactivity. Bradshaw and Westwell (1) have reported the induction of CYP1A1 protein in the sensitive cell line MCF7 whereas resistant cell lines (e.g. MDA-MB435) lack both constitutive and inducible expression of CYP1A1. The differential between cancer cell lines in their sensitivity to Phortress may be related to their constitutive and inducible CYP1A1 activity. In contrast, HUVEC were resistant to Phortress. This could indicate differential metabolic uptake or low CYP1A1 levels in endothelial cells. However, CYP1A1 has been induced in HUVEC following ß-napthoflavone treatment (24) and in PAEC (porcine aorta endothelial cells) after treatment with TCDD or benzopyrene (25, 26) and so Phortress would be expected to induce CYP1A1 in endothelial cells and decrease survival. Instead, endothelial cells are relatively resistant. There are a variety of possible explanations. Different ligands may modify the induction response. Cells sensitive to benzothiazoles often show expression of CYP1B1 in addition to CYP1A1, which may also play a critical role in determining relative cell sensitivity (27) . DF 203 (a member of the benzothiazole family) resistant cells (e.g. MDA-MB-435) may have constitutive nuclear localisation of the aryl hydrocarbon receptor, AhR, involved in CYP1A1 induction (28) . Differential localisation, function and saturation of this receptor may modulate drug efficacy. Also for activation, the prodrug Phortress must be degraded to its active form in cells, and the AhR ubiquitinated during pathway activation (28) . Elevated acetylating enzymes in cells are known to have a role in acquired resistance to benzothiazole predecessors of Phortress (CJM 126) (29) ; this phenomenon may underlie endothelial resistance. Phortress has no effect on the tubal differentiation of HUVEC on Matrigel. In its screening for anti-angiogenic compounds, the NCI recommends in vivo investigation for only those drugs that show activity in one of the three assays of growth inhibition, tube formation and chemotaxis. With no effects either on endothelial proliferation, clonogenicity or differentiation, it seems unlikely that Phortress will have anti-angiogenic effects.
From the present study, Phortress appears to be a promising drug for both breast and colorectal cancer. MRCV fibroblasts and HUVEC are resistant to Phortress, both in proliferation and cell survival assays. This evidence is consistent with the tumour specificity of Phortress. Its activity on breast cancer cells is comparable to that of paclitaxel, a drug currently used clinically. The in vivo anti-tumour activity of Phortress has also been compared to doxorubicin in breast cancer xenograft studies (30) . Phortress was equipotent in 6, less active in 2 and better in 1 of the 9 xenograft models examined. Results from phase I clinical trials in breast cancer are now awaited. However, it has the potential to be also effective against colorectal cancer. The next step would be to monitor CYP1A1 and CYP1B1 expression and DNA adduct formation in colorectal tumour cells following Phortress administration, as these may serve as biomarkers for the identification of sensitive tumour types. Finally, the efficacy must be validated using in vivo models.
While in vitro results may not always correlate with in vivo effects, initial characterisation of novel agents should be conducted in appropriate in vitro models. The end-points considered in these assays should be as comprehensive as possible or, as indicated in the current study, there is the potential that some drugs may be untested in tumours for which they could be highly effective.
